Salmonella enterica subspecies 1 serovar Typhimurium is a common cause of gastrointestinal infections. The host's innate immune system and a complex set of Salmonella virulence factors are thought to contribute to enteric disease. The serovar Typhimurium virulence factors have been studied extensively by using tissue culture assays, and bovine infection models have been used to verify the role of these factors in enterocolitis. Streptomycin-pretreated mice provide an alternative animal model to study enteric salmonellosis. In this model, the Salmonella pathogenicity island 1 type III secretion system has a key virulence function. Nothing is known about the role of other virulence factors. We investigated the role of flagella in murine serovar Typhimurium colitis. A nonflagellated serovar Typhimurium mutant (fliGHI) efficiently colonized the intestine but caused little colitis during the early phase of infection (10 and 24 h postinfection). In competition assays with differentially labeled strains, the fliGHI mutant had a reduced capacity to get near the intestinal epithelium, as determined by fluorescence microscopy. A flagellated but nonchemotactic cheY mutant had the same virulence defects as the fliGHI mutant for causing colitis. In competitive infections, both mutants colonized the intestine of streptomycin-pretreated mice by day 1 postinfection but were outcompeted by the wild-type strain by day 3 postinfection. Together, these data demonstrate that flagella are required for efficient colonization and induction of colitis in streptomycin-pretreated mice. This effect is mostly attributable to chemotaxis. Recognition of flagellar subunits (i.e., flagellin) by innate immune receptors (i.e., Toll-like receptor 5) may be less important.
Salmonella enterica serovar Typhimurium is a common cause of bacterial gastroenteritis in both developing and industrialized countries. This organism possesses a number of mechanistically different virulence factors. Two main type III secretion systems (TTSS) encoded in Salmonella pathogenicity island 1 (SPI-1) and SPI-2 play a fundamental role during infection of the animal host. The SPI-1 TTSS mediates invasion of epithelial cells and is involved in evoking enterocolitis (3, 52) . The SPI-2 TTSS is required for intracellular survival and replication of Salmonella during systemic stages of infection (20, 51) . Besides the TTSS, serovar Typhimurium harbors a multitude of virulence factors (for a review see reference 17) , including fimbriae (48) , lipopolysaccharide (LPS) (46) , superoxide dismutases (14, 42, 47) , the large virulence plasmid (Spv) (38) , and flagella (40, 53) . A variety of in vitro and in vivo models have been developed to better characterize the molecular mechanisms of the infection process (23) . In humans and cattle, serovar Typhimurium causes gastrointestinal disease (49, 55) . However, in mice serovar Typhimurium infection leads to a typhoid-like disease, and a specific type of intestinal pathology with pronounced monocyte infiltrates develops only during the final stages of the lethal infection (31) .
Recently, we found that streptomycin-pretreated mice provide an animal model that can be used to study serovar Typhimurium colitis (3) . The intestinal pathology characterized by epithelial damage, polymorphonuclear granulocyte (PMN) infiltration, and edema is strongly dependent on SPI-1-mediated protein translocation (3, 18) . These results are consistent with previous findings obtained with the bovine enterocolitis model. However, it remains to be seen whether other serovar Typhimurium virulence factors also contribute to the pathology in this model.
Flagella are known to play a role in virulence in many bacterial pathogens (27) . For Salmonella spp. the role of motility and chemotaxis in virulence has been extensively studied in vitro. Four different types of flagellum mutants with mutations that affect either the flagellar apparatus (app), the flagellum (fla), motility (mot), or chemotaxis (che) have been distinguished. Chemotaxis mutants (app ϩ fla ϩ mot ϩ che) assemble functional motile flagella but cannot move in response to chemotactic stimuli; there are "tumbly" and "smooth-swimming" chemotaxis mutants (26) . Motility mutants (app ϩ fla ϩ mot che) assemble flagella but are deficient in motility. Flagellin mutants (app ϩ fla mot che) possess a functional flagella secretion apparatus but cannot assemble flagellar filaments. And flagellar apparatus mutants (app fla mot che) have mutations in genes encoding subunits of the flagellar apparatus or regulators of the flagellar apparatus assembly process.
The assembly of Salmonella serovar Typhimurium flagella is a tightly regulated process. Genes coding for different components of the flagellar apparatus (the flagellum regulon) are clustered in several operons on the Salmonella chromosome. Expression of these genes is organized in a hierarchical manner (class I, II, and III genes) (1, 35) . Class I genes encode the master regulator proteins FlhDC, which are responsible for expression of the entire regulon. The class II gene products include structural components of the hook basal body, the TTSS, and regulatory proteins required for class III gene expression. Disruption of class II genes (i.e., fliGHI) prohibits the expression of class III genes, which encode the flagellar filament (i.e., FliC), the motor force generators, and the chemosensory machinery.
Flagella and chemotaxis allow Salmonella to respond to attractant and repellent gradients. It has been found that flagella play a role in attachment to and invasion of various cultured cells (10, 12, 26, 34, 40) . The SPI-1-mediated induction of membrane ruffling in epithelial cells has also been reported to be reduced upon infection with a flagellum mutant compared to the induction observed with a wild-type strain (33) . Recently, it was found that flagellin itself can play a proinflammatory role via Toll signaling. Salmonella flagellin interacts with Toll-like receptor 5 (TLR5) on human model epithelia, and this leads to activation of NF-B and interleukin-8 secretion (16, 41, 54) . Due to pleiotropic defects (movement to the cell and interaction with it), it has not always been easy to decipher the role of flagella in additional processes, such as attachment to cells, host cell invasion, induction of inflammation, and signaling via the TLRs. There have been only a few studies of the in vivo function of motility during enterocolitis. In bovine ileal loops a Salmonella strain (flhD) lacking the entire flagellar apparatus was significantly attenuated in terms of causing fluid secretion and PMN influx. An fliC fljB flagellin double mutant was slightly attenuated in terms of causing inflammation, although the results were not statistically significant (40) .
Using the streptomycin-pretreated mouse model, we found in this study that motility and chemotaxis are important for the induction of colits in mice. We obtained evidence that the virulence defect of nonmotile and nonchemotactic Salmonella mutants can be attributed mainly to a less efficient interaction with the cecal epithelium.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Serovar Typhimurium strains were grown for 12 h at 37°C in Luria-Bertani broth containing 0.3 M NaCl, diluted 1:20 in fresh medium, and subcultured for 4 h with mild aeration. For infection experiments, bacteria were washed twice with ice-cold phosphate-buffered saline (PBS) and resuspended in cold PBS (5 ϫ 10 7 CFU/50 l). For competitive infection experiments, identical volumes of subcultures were mixed prior to washing with PBS.
The serovar Typhimurium SL1344 mutants used in this study were constructed by phage transduction. To construct M913, the fliGHI::Tn10 allele was transduced from a lysate of SB245 (⌬sipA ⌬iagP ⌬sicP ⌬sptP::aphT fliGHI::Tn10; K. Kaniga and J. E. Galan, unpublished data), and transductants were selected for growth on tetracycline. The fliGHI::Tn10 allele originated from X3420 (34) . The chemotaxis mutant M935 was constructed by P22-mediated transduction of the cheY::Tn10 allele of SJW589 (45) , which was kindly provided by Shigeru Yamaguchi.
SPI-1 mutant strains SB225 (sipA::aphT) (30), SB220 (sipC::aphT), SB169 (sipB::aphT) (30) , and SB302 (invJ::aphT) (7) were used as control strains for analysis of supernatant proteins.
All strains were tested by stab inoculation of semisolid agar plates (10% tryptone, 5% NaCl, 0.3% agar) and incubation at 37°C for 5 to 8 h until bacterial halos that had radii of 1 to 2 cm were visible with wild-type Salmonella serovar Typhimurium strain SL1344. In addition, the motility of all strains was analyzed microscopically.
Construction of fluorescent protein expression plasmids. Cloning of DNA fragments was performed by using standard protocols (39) .
Plasmid pM979 (a pBR322 derivative) for expression of green fluorescent protein (GFP) under control of the constitutive rpsM promoter was constructed as follows. The coding sequence of GFPmut3b was amplified from pJBA27 (a kind gift from Christoph Jacobi) by PCR performed with primers 5Ј GCA GAA  TTC AGG AAA CAG TAT TCA TGC GTA AAG GAG AAG AAC TTT TC  3Ј and 5Ј CTG GAA TTC TTA TTT GTA TAG TTC ATC CAT GCC 3Ј and was cloned into pBluescript (Stratagene) by using EcoRI to obtain pM900. pM935 was created by cloning GFPmut3b and its Shine-Dalgarno sequence by using XbaI and HindIII from pM900 into pWKS30 (50) . The lac promoter was subsequently removed from pM935 by partially digesting it with BglII; this was followed by Acc651 digestion, filling in with the Klenow fragment, and religation to obtain pM946. pM958 was constructed by XbaI/BamHI digestion of pM946 and introduction of a fragment containing 536 bp upstream of rpsM (designated prpsM) amplified by PCR from SL1344 genomic DNA with primers 5Ј CAT TCT AGA CGA TAA AGT AAT GAC CCG CCT 3Ј and 5Ј CAT GGA TCC GGG CCA CTA TGC ACT CCT ACT 3Ј. GFPmut2 was then PCR amplified from pKEN2 (9) with primers 5Ј CAT GAA TTC AGG AGG TAG TAT TGA TGA  GTA AAG GAG AAG AAC TTT 3Ј and 5Ј CAT GAA TTC GAA GAC TTA  TTT GTA TAG TTC ATC CAT GCC 3Ј and introduced into EcoRI-digested  pM958 , and the product was designated pM965. pM966 was created by subcloning GFPmut2 from pM965 into pBluescript by using EcoRI. GFPmut3b was cloned from pJBA27 into pM136 by using XbaI and HindIII (44) to obtain pM183. pM963 was constructed by removing sopE-GFP-M45 from pM183 by Eco47III/HindIII digestion and replacing it with prpsM-GFPmut3b (NotI/ EcoRV) from pM958. prpsM-GFPmut3b was replaced in pM963 by GFPmut2 from pM966 by NotI/EcoRV digestion, and the resulting plasmid was designated pM968 (Table 1 ). The rpsM-promoter was recovered from pM963 by XbaI/ BamHI digestion and introduced into pM968 to obtain pM979 ( Table 1) . pDsRed, a pACYC184-derived plasmid, which expresses DsRed-Express (Clontech) under the control of the lac promoter, was a kind gift from Christoph Jacobi.
Animal experiments. Animal experiments were performed at the BZL (Universität Zürich) as described previously (3) by using specific-pathogen-free female C57BL/6 mice that were 6 to 9 weeks old and were obtained from Harlan (Horst, The Netherlands). Water and food were withdrawn 4 h prior to per os (p.o.) treatment with 20 mg of streptomycin. After this, water and food were provided ad libitum. Twenty hours after the streptomycin treatment, water and food were withdrawn again for 4 h before the mice were infected with 5 ϫ 10 7 CFU of serovar Typhimurium (50 l of a suspension in PBS p.o.). At the times postinfection (p.i.) indicated below, the mice were sacrificed by cervical dislocation, and tissue samples were removed from the intestinal tract, spleen, and liver for analysis. Animal experiments were approved by the Swiss authorities and were performed according to the legal requirements.
Analysis of serovar Typhimurium loads in the intestine, mLN, spleen, and liver. To analyze colonization, the spleen, liver, and mesenteric lymph nodes (mLN) were removed aseptically and homogenized in PBS (containing 0.5% Tergitol and 0.5% bovine serum albumin) at 4°C as described previously (3) . The bacterial loads were determined by plating samples on MacConkey agar plates containing 50 g of streptomycin per ml. The minimal detectable level was 10 CFU/ organ for the mLN, 20 CFU/organ for the spleen, and 100 CFU/organ for the liver.
Cecal contents were collected at different times p.i., and the bacterial loads were determined by plating. The minimum detectable level was 10 CFU per 25-to 150-mg sample of intestinal contents.
For coinfection experiments, the levels of colonization of mutant bacteria (carrying an appropriate antibiotic marker) and wild-type bacteria were determined by plating samples on MacConkey agar plates containing streptomycin or streptomycin and tetracycline. The values were confirmed by replica plating.
Histological procedures. Tissue samples were embedded in O.C.T. (Sakura, Torrance, Calif.), snap frozen in liquid nitrogen, and stored at Ϫ80°C. Cryosections (5 m) were mounted on glass slides, air dried for 2 h at room temperature, and stained with hematoxylin and eosin (HE).
Cecum pathology was independently evaluated by two pathologists in a blinded manner by using 5-m-thick HE-stained sections and a histopathological scoring scheme described previously (3), as follows.
(i) Submucosal edema. Submucosal edema (SE) was deduced from the extension of the submucosa, and values (expressed as percentages) were determined by morphometric analysis by using the following formula: SE ϭ (b Ϫ a)/c, where a is the area enclosed by the mucosa (mucosa and intestinal lumen), b is the area enclosed by the borderline between the submucosa and tunica muscularis (submucosa, mucosa, and intestinal lumen), and c is the area enclosed by the outer edge of the tunica muscularis (tunica muscularis, submucosa, mucosa, and lumen; area of the whole cecal cross section). Submucosal edema was scored as follows: 0, no pathological changes; 1, detectable edema (submucosal edema, Ͻ10%); 2, moderate edema (submucosal edema, 10 to 40%); 3, profound edema (submucosal edema, Ն40%).
(ii) PMN infiltration into the lamina propria. PMN in the lamina propria were enumerated by examining 10 high-power fields (magnification, ϫ400; field diameter, 420 m), and the average number of PMN per high-power field was calculated. The results were scored as follows: 0, less than 5 PMN per high-power field; 1, 5 to 20 PMN per high-power field; 2, 21 to 60 PMN per high-power field; 3, 61 to 100 PMN per high-power field; 4, more than 100 PMN per high-power field.
(iii) Goblet cells. The average number of goblet cells per high-power field (magnification, ϫ400) was calculated by examining 10 different regions of the cecal epithelium. A score of 0 indicated that there were more than 28 goblet cells per high-power field. In the cecum of the normal specific-pathogen-free mice we observed an average of 6.4 crypts per high-power field, and the average crypt consisted of 35 to 42 epithelial cells, 25 to 35% of which were differentiated into goblet cells. A score of 1 indicated that there were 11 to 28 goblet cells per high-power field; a score of 2 indicated that there were 1 to 10 goblet cells per high-power field; and a score of 3 indicated that there was less than 1 goblet cell per high-power field.
(iv) Epithelial integrity. Epithelial integrity was scored as follows: 0, no pathological changes detectable in 10 high-power fields (magnification, ϫ400); 1, epithelial desquamation; 2, erosion of the epithelial surface (gaps of 1 to 10 epithelial cells per lesion); 3, epithelial ulceration (gaps of Ͼ10 epithelial cells per lesion; at this stage there was generally granulation tissue below the epithelium).
The combined pathological score for each tissue sample was determined by adding the averaged scores. The combined scores indicated the following conditions: 0, intestine intact without any signs of inflammation; 1 to 2, minimal signs of inflammation (frequently found in the ceca of specific-pathogen-free mice); 3 to 4, slight inflammation; 5 to 8, moderate inflammation; 9 to 13, profound inflammation.
Immunofluorescence experiments. Streptomycin-pretreated animals were infected with 1:1 mixtures of wild-type and mutant bacteria carrying GFP or DsRed expression plasmids (pM979 and pDsred). Mice were killed on day 1 p.i., and cecal tissues were recovered and treated as described recently (4) . Briefly, the tissues were fixed in 4% paraformaldehyde in PBS (pH 7.4) overnight at 4°C. The fixed tissue samples were washed with PBS and equilibrated in PBS containing 20% sucrose and 0.1% NaN 3 overnight at 4°C. The tissues were then embedded in O.C.T. (Sakura), snap frozen in liquid nitrogen, and stored at Ϫ80°C. Cryosections (7 m) were mounted on glass slides and air dried for 2 h at room temperature prior to immunostaining. Sections were fixed in 4% paraformaldehyde for 5 min, washed, and blocked with 10% (wt/vol) normal goat serum in PBS for 1 h. The sections were stained for 1 h with polyclonal rabbit anti-Salmonella O-antigen group B serum (factors 1, 4, 5, and 12; 1:500 in PBS containing 10% [wt/vol] goat serum; Difco). Rhodamine-conjugated goat antirabbit serum (Dianova) diluted 1:300 in PBS containing 10% (wt/vol) goat serum was used as the secondary antibody. DNA was stained with DAPI (4Ј 6Ј-diamidino-2-phenylindole) (0.5 g/ml; Sigma). F-Actin was visualized by staining with Alexa-647-conjugated phalloidin (Molecular Probes). Sections were mounted with 50% glycerol in PBS, and each cover glass was sealed with nail polish.
The relative localization of GFP-positive and GFP-negative bacteria was determined as follows. Optical fields showing bacteria and epithelium were chosen for analysis. Images were recorded at a magnification of ϫ630 by using a Perkin-Elmer Ultraview confocal imaging system and a Zeiss Axiovert 200 microscope. Red, green, and cyan fluorescence was recorded confocally, while DAPI fluorescence was recorded by epifluorescence microscopy. Images were combined by using Adobe Photoshop, version 7.0.1. For quantification of GFP-positive bacteria close to the epithelium, all anti-LPS-stained (red) bacteria within 20 m of the epithelium were counted. All GFP-positive bacteria that were LPS positive (green and red) were counted. The level of GFP-positive bacteria was expressed as a percentage of the total LPS-positive Salmonella population and was calculated as follows: number of GFP-positive red cells/number of red cells ϫ 100.
Statistical analysis. Statistical analyses of the individual pathological scores for submucosal edema, PMN infiltration, loss of goblet cells, and epithelial integrity and of the combined pathological score were performed by using the exact Mann-Whitney U test and the SPSS software, version 11.0, as described previously (3) . P values of Ͻ0.05 were considered statistically significant. Bacterial colonization was analyzed in a similar manner. To allow statistical analysis of the bacterial loads, the values used for animals that yielded no CFU were the minimal detectable levels (mLN, 10 CFU; spleen, 20 CFU; liver, 100 CFU; intestinal contents, between 67 and 400 CFU [see above]). After this, the median values were calculated by using Microsoft Excel XP, and a statistical analysis was performed by using the exact Mann-Whitney U test and the SPSS software, version 11.0. P values of Ͻ0.05 were considered statistically significant.
Analysis of proteins from serovar Typhimurium culture supernatants. Overnight cultures of serovar Typhimurium strains were grown in Luria-Bertani medium without antibiotics. Bacteria were pelleted by centrifugation at 8,000 ϫ g for 20 min. Then 1.6 ml of each supernatant was filtered through 0.22-mpore-size low-protein-binding filters (Millex GV; Millipore). Proteins were precipitated for 2 h on ice by addition of 375 l of trichloroacetic acid, followed by centrifugation at 14,000 ϫ g for 30 min. Each precipitate was washed in ice-cold acetone and centrifuged. The resulting pellet was resuspended in sample buffer (50 mM Tris-Cl [pH 6.8], 100 mM dithiothreitol, 2% sodium dodecyl sulfate, 0.1% bromphenol blue, 10% glycerol). The proteins were boiled for 5 min, separated on sodium dodecyl sulfate-10% polyacrylamide gels, and visualized with Coomassie brilliant blue R250 stain.
Preparation of chromosomal DNA and Southern blotting. For Southern blot analysis chromosomal DNA of serovar Typhimurium strains were prepared by using standard methods (39) . DNA was digested with EcoRV and HindIII, electrophoresed on a 1% agarose gel, and transferred to a ZETA-Probe BT blotting membrane with a vacuum blotter (Bio-Rad Laboratories). Southern hybridization was performed overnight at 58°C. Synthesis of fluorescein-labeled probes and detection were performed by using the protocols of the manufacturer (random prime labeling system, version II; Amersham, Little Chalfont, England). Probes used for detection of insertions in Salmonella genes fliGHI and cheY were amplified by PCR performed with primers fliGHI-fwd (5ЈGCC AGT GGA TGA GTA ACG AT 3Ј), fliGHI-rev (5Ј CGT CGC CCT CCT GCT TTA T 3Ј), cheY-fwd (5Ј TGC GCG TTA GTA AAG CTG GTA 3Ј), and cheY-rev (5ЈCCA GTC CGG CAG TGA TTA TTA 3Ј).
RESULTS

Construction and verification of flagellum mutants.
To construct an isogenic serovar Typhimurium mutant that lacked flagella, we transduced the fliGHI::Tn10 allele of SB245 into wild-type serovar Typhimurium strain SL1344. The resulting strain was designated M913. fliGHI code for class II genes of the flagellum regulon, the rotor/switch protein (fliG), the ATPase that drives flagellar export (fliI), and the negative regulator of fliI (fliH). Deletion of fliG is known to lead to a nonflagellated phenotype (24) . Thus, M913 was nonmotile on motility agar (Table 1) . Furthermore, M935, a mutant defective in chemotaxis, was created by P22 transduction of the cheY::Tn10 allele of SJW589 into SL1344. Correct insertion of the Tn10 insertion into the two mutants was verified by Southern blot hybridization by using probes specific for fliGHI and cheY, respectively (Fig. 1B) . It is well established that flagellated serovar Typhimurium sheds a significant proportion of its flagellar subunits into the culture supernatant when it is grown in vitro. FliC (H1 flagellin; 52 kDa) is the most abundant secreted protein under these conditions (32) . Therefore, we analyzed the secreted proteins of M913 and M935. To facilitate identification of flagellar subunits by sodium dodecyl sulfatepolyacrylamide gel electrophoresis, several mutants with deletions in the SPI-1 TTSS apparatus (⌬invG, invJ::aphT) and effector protein genes sipA, sipB and sipC were also included. As expected, M913 did export SPI-1 effector proteins but no flagellar subunits into the culture supernatant (Fig. 1A) . Although an isogenic cheY::Tn10 mutant (M935) was unable to move in a chemotactic manner, it was able to assemble functional flagella (Table 1 ). These data confirmed that M913 and M935 could be used to assess the global importance of flagella and the specific role of chemotaxis in serovar Typhimurium colitis.
Mouse virulence of a nonflagellated mutant 2 days p.i. First we investigated the role of flagella in murine serovar Typhimurium colitis. Two groups of five streptomycin-pretreated C57BL/6 mice were infected intragastrically with 5 ϫ 10 7 CFU of mutant M913 lacking flagella or wild-type strain SL1344. At day 2 p.i., the animals were killed, and we analyzed colonization of the cecum, spleen, liver, and mLN, as well as pathological changes in the cecal tissue. We found that the levels of colonization of the cecum and mLN by the two strains were not significantly different ( Fig. 2A and B) . The levels of mutant M913 were slightly but not significantly higher in the liver and spleen (P Ն 0.05) (Fig. 2C and D) . This finding is consistent with the findings of previous studies of the relevance of flagella for systemic infection in the murine typhoid model (40) . Histopathological analysis revealed that there was a small but significant difference in the total pathological scores between M913 and the isogenic wild-type strain (Fig. 2E) (P ϭ 0.016, as determined by the Mann-Whitney U test), but the differences between the scores for the individual parameters were not significant. The inflammation in mice infected with the nonflagellated strain appeared to be slightly weaker than the inflammation in mice infected with the wild-type strain 2 days p.i. even though the two groups of mice had equal numbers of bacteria in their cecal contents and mLN. This indicates that flagella may play a role in the initiation of colitis in streptomycin-pretreated mice.
Time course of cecum pathology. At 2 days p.i., the colitis caused by a nonflagellated serovar Typhimurium strain was slightly attenuated. It has been shown that streptomycin-pretreated mice develop colitis as early as 8 h p.i. (3) . This raised the possibility that flagella might play a more pronounced role in the early phase of infection. To test this hypothesis, we infected 15 streptomycin-pretreated mice with wild-type serovar Typhimurium and 15 streptomycin-pretreated mice with nonflagellated strain M913. At 10, 24, and 48 h p.i. five mice from each group were killed and analyzed as described above.
Both strains efficiently colonized the cecum (10 8 to 10 9 CFU/g) within 10 h p.i., and the level of colonization remained constant throughout the rest of the experiment (Fig. 3A) . The level of colonization of the mLN of three of five animals infected with the wild-type serovar Typhimurium strain was low, while no bacteria were detected in the mLN of animals infected with nonflagellated mutant M913. However, the difference was not statistically significant (Fig. 3B) . Moreover, no differences between colonization of the mLN by M913 and colonization of the mLN by wild-type serovar Typhimurium were observed at later times. In accordance with previous data (3), colonization of the spleen and liver was apparent between 24 and 48 h p.i. While we recovered slightly higher numbers of wild-type bacteria than of the nonmotile mutant, the differences were not statistically significant ( Fig. 3C and D) . In spite of the similar colonization levels, M913 caused significantly reduced levels of inflammation ( Fig. 3E and Table 2 ). In keeping with our first observation, the difference was small but significant at 48 h p.i. but much more pronounced at earlier times (Fig. 3E) . At 10 h p.i., the ceca of M913-infected mice showed almost no signs of inflammation, such as PMN influx, edema, or epithelial damage. In contrast, mice infected with wild-type serovar Typhimurium had already developed severe colitis at this time. At 24 h p.i., mice infected with the fliGHI HE-stained sections of cecal tissue were scored for edema in the submucosa (black bars), PMN infiltration (medium gray bars), reductions in the numbers of goblet cells (dark grey bars), and desquamation, erosion, and ulceration of the epithelial layer (light gray bars) (see Materials and Methods). The scores are expressed as stacked vertical bars. The total pathological score (sum of the separate scores) and the bacterial load were statistically analyzed by using the exact Mann-Whitney U test (in comparison to wild-type strain SL1344). S. Tm, Salmonella serovar Typhimurium; wt, wild type; stat. anal., statistical analysis; NS, not statistically significant (P Ն 0.05).
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mutant showed the first symptoms of inflammation, and at day 2 p.i., there was only a small difference between the pathological scores for the two groups. This implies that the onset of inflammation is delayed upon infection with a nonmotile serovar Typhimurium mutant. Localization of the fliGHI mutant. The experiments described above demonstrated that flagella are required for efficient induction of serovar Typhimurium colitis in streptomycin-pretreated mice. However, the bacterial loads in the intestinal lumen do not account for the difference observed. Therefore, we reasoned that less efficient penetration of the mucus layer and reduced access to the intestinal epithelium might provide a plausible explanation. To test this hypothesis, we performed competition experiments. In this type of experiment, streptomycin-pretreated animals are infected with a mixture of wild-type and mutant bacteria. If each strain is labeled with a different fluorescent marker (GFP or DsRed), fluorescence microscopy can be used to compare the relative capacities of the two strains to interact with the intestinal wall.
M913 and the isogenic wild-type strain were transformed with GFP (pM979) and DsRed (pDsRed) expression plasmids. Preliminary infection experiments confirmed that the plasmids were stably propagated by both strains in the murine intestine for at least 2 days. Less than 5% of all serovar Typhimurium cells recovered from the cecum contents had lost the plasmids (data not shown).
We then performed competitive infection experiments (Fig.  4) . Three streptomycin-pretreated mice were infected with a 1:1 mixture of wild-type strain SL1344(pDsRed) and strain M913(pM979) (Fig. 4A) . Three other mice were infected with a 1:1 mixture of wild-type strain SL1344(pM979) and strain M913(pDsRed) (Fig. 4B) . At 24 h p.i., the animals were sacrificed, and cecum tissue samples were processed and stained for immunofluorescence microscopy (see Materials and Methods); DNA was stained with DAPI and was grey, and f-actin was stained with Alexa-647-phalloidin and was blue. As DsRed fluorescence was too weak for reliable detection, we stained all serovar Typhimurium cells in the cecum sections with a rabbit anti-LPS antibody and an anti-rabbit serum-rhodamine conjugate (which was red) (see Materials and Methods). In the first group of mice, red bacteria (wild type) were more abundant than yellow-green bacteria [M913(pM979)] at the epithelial surface (Fig. 4A) . In contrast, roughly equal numbers of the competing strains were present in the cecal lumen (Fig. 4D) . Very similar observations were made with the second group of mice; yellow-green bacteria (wild type) were more abundant than red bacteria [M913(pDsred)] at the epithelial surface (Fig. 4B) , but equal numbers of the two strains were present in the cecal lumen (Fig. 4D) . These findings indicate that flagella are required by serovar Typhimurium to efficiently contact the intestinal epithelium.
In order to quantify the defect in M913, we determined the numbers of wild-type and mutant bacteria present within 20 m of the epithelial surface (Fig. 4C ) (see Materials and Methods). The data were obtained by scoring at least 400 bacteria from different optical fields of cecum sections from all three mice from each group. The results were expressed as percentages of the GFP-positive red bacteria (number of GFP-positive red bacteria/ number of red bacteria ϫ 100). In this way we verified that the fliGHI mutant M913 was deficient in terms of approaching the cecal epithelium (Fig. 4D) . The results of all of the control experiments performed were consistent with this conclusion (Fig.  4D) . In mice infected with a 1:1 mixture of wild-type strain SL1344(pM979) and wild-type strain SL1344(pDsRed), roughly equal numbers of the two strains were present in the cecal lumen and close to the epithelial surface (Fig. 4D) . Infections with wildtype SL1344(pM979) alone and infections with a strain carrying a control vector (pM968; no GFP expression) yielded Ͼ95% and Ͻ5% GFP-positive red bacteria, respectively, at the epithelium (Fig. 4D) ; Ͼ95% of both strains recovered from the intestinal lumen harbored the appropriate plasmid (Fig. 4D) . These observations demonstrated that the GFP vector allowed reliable detection and discrimination between wild-type and mutant strains. Altogether, these data provide strong evidence that serovar Typhimurium requires flagella to approach the intestinal epithelium efficiently.
A chemotaxis mutant is attenuated for causing enterocolitis. The data presented above demonstrated that the Salmonella mutant M913 lacking the entire flagellum secretion apparatus is impaired in terms of causing colitis and that this virulence defect may be linked to a reduced ability to approach the epithelial surface. In order to examine whether the virulence defect might be attributed to a chemotaxis defect, we constructed M935, a cheY transposon insertion mutant of serovar Typhimurium, by phage transduction (see Materials and Methods). This mutant was able to assemble functional flagella and secrete flagellin (FliC) (Fig. 1A ), but it was not able to swim in a directed manner (45) . On motility agar M935 formed no halo (Table 1) . We performed two independent experiments with five streptomycin-pretreated mice per group. The animals were infected with 5 ϫ 10 7 CFU of serovar Typhimurium M913, M935, or wild-type strain SL1344, and we analyzed colonization and cecal inflammation 24 h p.i. The results were identical in both experiments and are summarized in Fig. 5 . fliGHI mutant M913, cheY mutant M935, and the isogenic wild-type strain had the same capacity to colonize the cecal lumen and the mLN (Fig. 5A and B) . No significant colonization of the liver and spleen was detected in any of the experimental groups. cheY mutant M935 and the nonflagellated mutant M913 induced significantly less inflammation than the wildtype strain induced. There was no significant difference in pathology between M913 and M935 (P Ն 0.05) (Fig. 5E and Table 3 ). These data were consistent with the results described above and suggested that chemotactic movement through the mucus layer is required for efficient induction of colitis.
Competitive infection experiments to assess colonization defects of cheY and fliGHI mutants. A second type of competition Fig. 3E were analyzed by using the Mann-Whitney U test (see Materials and Methods). NS, not significant (P Ն 0.05).
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on October 30, 2017 by guest http://iai.asm.org/ experiment was performed to examine whether motility and chemotaxis contribute to intestinal colonization in the streptomycin-pretreated mouse model. In the previous experiments we analyzed just one strain per mouse (Fig. 2, 3, and 5 ). This did not reveal any major colonization defect of nonmotile or nonchemotactic strains in the cecal lumen. However, a competition experiment could allow detection of even subtle defects. In this experiment, two groups of five streptomycin-pretreated mice were infected with a 1:1 mixture (total amount, 5 ϫ 10 7 CFU) of wild-type strain SL1344 and M913 or wild-type strain SL1344 and M935. The ratio of the two strains in the feces was analyzed at days 1 and 2 p.i. The mice were sacrificed at day 3 p.i., and we analyzed the bacterial loads and the ratios of the two strains in the cecal contents, mLN, spleen, and liver.
In the feces from each of the groups, equal numbers of the two strains were found at day 1 p.i. (competitive indices [CI], ϳ0.3 to 1.2). The CI values for the nonmotile and nonchemotactic strains decreased at day 2 p.i., and the CI for M913 and M935 in the cecal contents at day 3 p.i. was significantly lower (median, 10 Ϫ2 ) (Fig. 6A) . The median CI for M913 and M935 in the mLN, spleen, and liver ranged from 1 to 0.1 (Fig. 6B, C, and D) . These data suggest that flagella and, more specifically, chemotaxis contrib- FIG. 4 . fliGHI mutant cannot efficiently reach the cecal epithelium. Three mice were inoculated with 10% bicarbonate prior to infection for 24 h with 5 ϫ 10 7 CFU of M913(pM979) plus 5 ϫ 10 7 CFU of SL1344(pDsRed), 5 ϫ 10 7 CFU of SL1344(pM979) plus 5 ϫ 10 7 CFU of M913(pDsRed), 5 ϫ 10 7 CFU of SL1344(pM979) plus 5 ϫ 10 7 CFU of SL1344(pDsRed), 5 ϫ 10 7 CFU of SL1344(pM979), or 5 ϫ 10 7 CFU of SL1344(pM968). Cecal tissue sections were stained with DAPI (grey), Alexa-647-phalloidin (blue), a rabbit anti-LPS antibody, and a goat anti-rabbit serum-rhodamine conjugate (red) (see Materials and Methods). Samples of cecal contents from two mice per group were plated to determine the fraction of pM979 or pM968 carrying bacteria (see 
DISCUSSION
The role of flagella in Salmonella serovar Typhimurium virulence has been extensively studied in vitro. The in vivo function of flagella is less well understood, and it was unclear whether the flagella play a role in murine serovar Typhimurium colitis. We found that flagella and, more specifically, chemotaxis are required for efficient induction of murine Salmonella-induced colitis. In contrast, the systemic infection which occurred parallel to the enterocolitis did not depend significantly on flagellum function.
The role of motility during systemic stages of serovar Typhimurium infection in typhoid mouse models has been somewhat controversial. Carsiotis et al. found that a nonflagellated strain was attenuated compared to a wild-type strain in oral, intraperitoneal, and intravenous infections (5). However, nonmotile and nonchemotactic mutants that both possessed intact flagella were not attenuated. Similarly, Weinstein et al. showed that a Salmonella wild-type strain survived longer than a nonflagellated mutant survived in macrophage infection assays and exhibited faster net growth in spleens of infected mice (53) . During systemic infection Salmonella cells are thought to reside and replicate mainly inside phagocytic cells (21, 25) . In- (13) . It has been reported by other workers that fla ϩ mot mutants, in contrast to fla mot mutants, are slightly attenuated in mice upon oral infection but not when the mice are infected by the intraperitoneal route (34) . In another study an flhD mutant, but not an fliC fljB flagellum mutant, was described as having a significantly lower 50% lethal dose in the mouse typhoid model for Salmonella serovar Typhimurium and exhibited faster net growth in mouse macrophages. This effect was attributed to uncharacterized regulatory functions of flhD (40) .
The initiation of a systemic infection (mLN, liver, spleen) was not significantly attenuated in fliGHI and cheY mutants. This contrasts with the significant role of flagella in the early phase of murine colitis, but it is consistent with previous studies performed with the murine typhoid model (40) . This obvious discrepancy might be explained by peculiar features of the Peyer's patches of the distal ileum, which are thought to function as the port of entry to systemic sites (6) . The structure of the follicle-associated epithelium, which contains specialized M cells, is different in many ways from the structure of the surrounding villous epithelium. For example, it lacks the overlying mucus layer (36) . Hence, flagella might not be required for the interaction with M cells, and this could explain the similar organ counts for flagellum mutants and wild-type Salmonella serovar Typhimurium in our experiments.
Little is known about the role of flagella in intestinal salmonellosis. Robertson et al. investigated S. enterica serovar Enteritidis-induced salmonellosis in the rat. This serovar is monophasic, and deletion of the only flagellar subunit gene (fliC) attenuated intestinal inflammation. The levels of several inflammatory parameters measured in the small intestine contents of infected rats were reduced in the early stages of infection (1 and 2 days p.i.) with an fliC flagellum mutant compared to the levels in rats infected with the wild type (37) . In bovine ligated ileal loops the enteropathogenic response to Salmonella serovar Typhimurium flhD or fliC fljB mutant strains was decreased (40) . Here, the flhD mutant provoked a statistically reduced secretory response and PMN influx. These inflammation parameters were also attenuated upon infection with the fliC fljB double mutant, although the differences were not statistically significant. In line with these observations in the bovine model, we found that an fliGHI mutant is impaired in terms of eliciting colitis in streptomycin-pretreated mice. This effect is very pronounced at earlier time points (10 or 24 h p.i.), while the mutant catches up later, causing severe colitis to almost the same level as wild-type serovar Typhimurium at 48 h p.i. This suggests that flagella are required for establishing an infection in streptomycin-pretreated mice.
In spite of many similarities to the bovine model, there are several aspects which need to be kept in mind when data from the murine colitis model are compared with data obtained with bovine ligated ileal loops. Both models suffer from the absence of or a severe reduction in the level of a complete adult-type commensal flora. Both models are characterized by mucosal edema, PMN influx, destruction of the epithelial cell layer, and fast tissue regeneration. However, in the bovine system there is massive luminal fluid secretion which is not observed in the murine model. The reason for this is currently unknown.
In several studies the workers have addressed the role of flagella in invasion of cultured epithelial cells. Various mutants that lacked flagella or had impaired motility or chemotaxis were less invasive or had a defect in attachment (10, 26, 33, 34, 40) . Jones et al. found that an fla mutant and a smoothswimming chemotaxis mutant were not attenuated for invasion of murine ligated ileal loops, while a mot mutant and a tumbly che mutant were less invasive than the wild-type strain (26) .
Altogether, these results demonstrate that functional flagella are necessary to efficiently invade epithelial cells, a process which also requires the SPI-1 TTSS. However, it is still a matter of dispute whether flagella merely allow the bacteria to approach the host cell in order to position the SPI-1 TTSS optimally for injection or whether flagella might have additional functions. The similar levels of attenuation of fliGHI (no flagella) and cheY (flagellated but non chemotactic) mutants observed in our experiments suggest that chemotactic movement is the major virulence function of flagella in the streptomycin-pretreated mouse model.
Could flagella have additional functions in this model? Flagellin has been shown to elicit innate immune responses. This phenomenon has been studied extensively in tissue culture. Flagellin (FliC) binds TLR5, activates NF-B, and induces proinflammatory responses (11, 41, 54) . Similar observations have been made in vivo. After intraperitoneal injection into mice, Salmonella flagellin leads to systemic release of interleukin-6, a key mediator of inflammation (19) . This indicates that the manner in which murine tissues respond to flagellin is similar to the manner in which human cells respond to flagellin. So far, no TLR5 knockout mice have been described. However, knockout mice lacking a central element of TLR signaling cascades (MyD88) do not respond to flagellin (19) . These observations suggest that flagellin could contribute to the inflammatory response in the streptomycin-pretreated mouse model. Interestingly, bacteria of the normal gut flora are known to produce and release a wide variety of TLR ligands (pathogenassociated molecular patterns [PAMPs], including flagellin) that can induce innate immune responses (43) . However, these ligands normally do not lead to intestinal inflammation. This apparent discrepancy has been resolved by evidence which suggests that TLRs are localized on the basolateral side of the intestinal epithelium (16) . Hence, bacterial flagellin released in the intestinal lumen cannot readily come in contact with TLR5.
Do serovar Typhimurium flagellin-TLR5 interactions contribute to colitis in streptomycin-pretreated mice? This question is quite difficult to answer as flagella in this case would serve two different functions, innate immune signaling and chemotaxis. In vitro, purified Salmonella flagellin can induce inflammatory responses when it is added to tissue culture cells (11, 41, 54) . Therefore, interactions between flagellin released from bacteria and TLR5 might be involved in murine serovar Typhimurium colitis. The SPI-1 TTSS is a key virulence factor in this model (3) . Serovar Typhimurium mutants with a disrupted SPI-1 TTSS do not cause significant inflammation in streptomycin-pretreated mice even though they efficiently colonize the murine large intestine and have a fully functional flagellar system (3, 18) . Thus, the mere presence of serovar Typhimurium flagella (or other PAMPs released by serovar Typhimurium) in the intestinal lumen is not enough to induce colitis. However, in the wild-type infection, SPI-1-induced processes (i.e., disruption of the epithelial barrier) might facilitate access of flagellin to TLR5 receptors. In this case, the flagellin-TLR5 interactions might contribute to the SPI-1-dependent inflammation observed with wild-type serovar Typhimurium. We did not observe a significant difference between the (delayed) inflammatory responses elicited by fliGHI (no flagellin secretion) and cheY (flagellated or secreted flagellin but nonchemotactic) mutants. Therefore, the flagellin-TLR5 interaction does not seem play a major role in murine serovar Typhimurium colitis. However, the effects caused by the flagellin-TLR5 interaction might simply be masked by other inflammatory stimuli attributable to other serovar Typhimurium virulence factors or PAMPs.
The competition experiments indicated that chemotaxis is required for efficient colonization of the murine intestine. This is in line with previous observations made with the chicken model (2) . Overall, these observations suggest that Salmonella spp. actively move through the mucus layer in a chemotactic manner towards the epithelium in order to inject effector proteins via the SPI-1 TTSS. In experiments with Vibrio cholerae, Freter et al. demonstrated that motile bacteria penetrated the intestinal mucus layer in mice more efficiently than either nonmotile or nonchemotactic mutants penetrated the intestinal mucus layer (15) . Interestingly, these authors found that nonchemotactic mutants of V. cholerae still invaded the mucus at a low rate similar to the rate of inert particles. A similar mechanism could explain the delayed onset of disease symptoms with the nonmotile mutant in our experiments. We suppose that fliGHI and cheY mutants might contact the epithelium less efficiently than the wild-type strain and therefore translocate SPI-1 effector proteins at a lower frequency. Additional work is required to address this possible correlation between motility and the efficiency of SPI-1 effector protein translocation.
In summary, the data presented here clearly show that motility and chemotaxis are required for the efficient induction of colitis in streptomycin-pretreated mice. Further studies are needed to identify the other Salmonella virulence factors involved and to elucidate the inflammatory cascades leading to colitis in streptomycin-treated mice.
